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Molecular sreve chromatography of rabbit liver metallothronein at different electrolyte concentrations 
revealed that this protein undergoes an increase in Stokes radius from 1.50 to 1.78 nm when the ionic 
strength is lowered from 0.5 to 0.015 indicating a change in molecular shape and/or hydratron. The 
variation m ronrc strength also affects the far-UV circular dichroism of metallothionem reflecting a 
conformatronal transitron i  the protein. The effects are attributed to changes in mtramolecular repulsion 
between the strongly negatively charged metal-thiolate clusters of the protein. It is suggested that 
metallothronein xists in at least wo interchangeable conformational states which differ in hydrodynamic 
properties and whose equrhbrium concentratrons are determined by the electrostatic free energy of the 
system. 
Metallothlonem Stokes radius Circular dichrolsm 
Metal-throlate cluster 
Molecular expansion Flexibility 
1. INTRODUCTION 2. MATERIALS AND METHODS 
Metallothionems (MTs) are widely occurring 
proteins which are characterized by a low Mr (6500 
to 6800) and an extremely high metal and sulfur 
content. The mammalian forms usually contain 7 
diamagnetic metal ions such as Zn(I1) and/or 
Cd(I1) and 20 cysteine residues but are completely 
lacking in aromatic amino acid residues [l]. Their 
biosynthesis is induced by certain metal salts and 
hormones and, hence, it is believed that MT is in- 
volved in trace metal metabolism, homeostasis and 
detoxification [2]. Structural studies have 
established that MTs have a well-defined tertiary 
structure and that the metal ions are organized m 
two metal clusters built up of tetrahedral 
tetrathiolate units [3,4]. The two metal clusters 
containing 3 and 4 metal ions are believed to be 
located in the N- and C-terminal portions of the 
molecule, respectively [5]. We report here the oc- 
currence of an intramolecular conformational 
transformation in MT which is effected by changes 
in ionic strength and which manifests itself in 
substantial changes in the hydrodynamic behavior 
and far-UV circular dichrotsm. 
Rabbit liver MT-l was isolated from the liver of 
rabbits injected subcutaneously 15 times with 1 mg 
Cd(I1) per kg body wt at 2-3-day intervals [6]. The 
protein was purified by a procedure adapted from 
[7] and [6]. The purity of the preparation was 
assessed by amino acid analysis and atomic ab- 
sorption spectrometry. The native protein 
((Cd,Zn)s-MT-l) contained a total of 7 mol 
bivalent metal per 6100 g apoprotein (apo-MT-l) 
with a metal ratio of 55% Cd to 45% Zn. The form 
containing solely Zn (Zn-I-MT-l) was prepared 
from the liver of rabbits submitted to injections of 
Zn(I1) instead of Cd(I1). CdT-MT-1 was obtained 
by reconstituting apo-MT-l with Cd(I1). Apo- 
MT-l was prepared by dialyzing (Cd,Zn),-MT-1 
against 0.01 M HCl. Except where specified other- 
wise (table l), gel filtration measurements were 
performed at 4°C on a 0.8 x 150 cm Sephadex 
G-75 (fine) column equilibrated with a buffer com- 
posed of 50 mM Tris and 12.5 mM HCl (pH 8.6). 
The desired ionic strength was obtained by addi- 
tion of KC1 to the buffer. Samples containing 1 mg 
protein and 10% (w/v) NaCl in 1 ml Tris-HCl 
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buffer were applied to the column and 1.5ml ef- 
fluent fractions were collected at a constant flow 
rate of 10 ml per h. Elution distribution coeffi- 
cients, &, were evaluated from the relationship 
Kd = (V, - V,,)/( Vt - V,). The elution volumes of 
protein, V,, of blue dextran, V,, and of salt, K, 
were determined by absorbance measurements at 
250 and 600 nm, and by conductivity 
measurements, respectively. V, varied slightly with 
ionic strength (VO,z=o s/Vo,r=ool~ = 0.95). K was 
independent of ionic strength. The Kd values of 
marker proteins were determined in separate ex- 
periments. Measurements of Kd were reproducible 
within 3%. Circular dichroism (CD) spectra were 
recorded at room temperature with a Cary 61 spec- 
tropolarimeter. Molar ellipticity, 181, is given in 
units of deg. cm2 -dmol-‘. Mean residue elliptdty, 
[B]MRw, is the molar ellipticity divided by the 
number of residues, i.e., 61. Spectrophotometric 
measurements of MT concentration were made in 
0.01 M HCI at 220 nm using a molar absorptivity 
of the apo-MT of 47300 [8]. 
3. RESULTS 
Native rabbit liver (Cd,Zn)-I-MT-1 and the 
monometal forms ZnT-MT-1 and Cd,-MT-1 have 
identical elution distribution coefficients, &, 
when chromatographed on Sephadex G-75 at cons- 
tant temperature and ionic strength (table 1). The 
chromatographic behavior is also unchanged when 
the metal 1s removed by exposure to low pH. There 
is, however, an unusual dependence on salt con- 
centration. While on raising the ionic strength, 1, 
from 0.015 to 0.5 the Kd values are slightly reduced 
for the marker proteins, they are increased by 
about 15% for MT. The effect is fully reversible 
and is independent of the Zn : Cd ratio and of pro- 
tein concentration. In all instances the peaks retain 
their nearly symmetrical shape and are of com- 
parable half-width. 
Since m the range of salt concentrations 
employed the effective pore size of the gel is nearly 
constant, these results indicate that the Stokes 
radius of MT is decreased on going from lower to 
higher ionic strength. Comparison with marker 
Proteins of known Stokes radius indicates a reduc- 
tion from 1.78 nm at I = 0.015 to 1.50 nm at I = 
0 5 (fig.1, top). The decrease in Stokes radms is a 
monotonic function of salt concentration reaching 
Table 1 
Effect of tonic strength on gel filtration behavror of 
rabbit liver metallothionein and of marker proteins 
Protem Elutron drstributron coeffrcrent 
on Sephadex G-75 (Kd) 
(Cd,Zn),-MT-la 
Cd,-MT-la 
Znr-MT-la 
Apo-MT-lb 
Ovalbumin 
Chymotrypsmogen 
Ribonuclease 
Insulin, oxidized 
I = 0.015 z = 0.5 
0.50 0.59 
0.50 0.59 
0.50 n.d. 
o.50b n.d. 
0.14 0.13 
0.38 0.37 
0.55 0 53 
A-cham 0.83 0.82 
a Metal compositions before and after gel filtration were 
identrcal 
b Measured m 0.015 M HCI 
n.d, not determined 
a constant minimum value above I = 0.25 (fig.1, 
bottom). The reduction corresponds to a change in 
frictional ratio, f/fmm, from 1.51 at I = 0.015 to 
1.27 at high ionic strength, indicating a transition 
to a more globular shape. Assuming a rigid prolate 
ellipsoid shape and a standard degree of hydration 
of 0.2, such a decrease inf/f,,, is equivalent o a 
change in axial ratio, a/b, from approx. 8 to 4 
DOI. 
The variation in ionic strength also affects the 
CD features of MT (fig.2). The CD spectrum of 
this protein arises both from the optically active 
metal-thiolate transitions of the metal complexes 
and of the secondary amide transitions of the pro- 
tein moiety [8,12,13]. Above 240 nm the ellipticity 
is due exclusively to the metal complexes. At 
shorter wavelength CD contributions from both 
sources are superimposed but with that arising 
from polypeptide chain folding dominating. As 
shown m fig.2 (top) addition of salt to Cd,-MT-1 
reduces the ellipticity below 240 nm but has no ef- 
fect on the brphasic ellipticity band centered about 
the first CD-thiolate transition near 250 nm [l 11. 
Analogous and fully reversible ellipticity changes 
also occur with (Cd,Zn),-MT-l. Therefore, it is 
most likely that the observed effects reflect altera- 
tions in polypeptide conformation. The change in 
amplitude of the 227 nm elhpticity maximum from 
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Fig. 1. Effect of ionic strength (Z) on Stokes radius (R,) 
of MT. (Top) Evaluation of R, of (~d,Zn)7-MT-l from 
gel filtration (Sephadex G-75) distribution coefficient 
(&) at Z = 0.015 and Z = 0.5. Calibration curves were 
prepared by plotting Re of marker proteins vs their Kd 
values (table 1) determined atZ E: 0.015 (0) and Z = 0.5 
(o). The Rc values employed were: ovalbumin, 2.81 nm; 
chymotrypsinogen, 2.25 nm; ribonuclease, 1.79 nm; 
oxidized insulin A-chain, 1.22 nm 171. (Bottom) Plot of 
R, (left ordinate) and of frictional ratio, f/j& (right 
ordinate) of (Cd,Zn)-MT-l vs ionic strength. R, was 
determined from gel filtration data (top); _I?&,,, = 
RJR,,, 191. The minimum radius, R-, is 1.19 nm as 
given by the relationship 
R ntIll = (3/4 iWr v 1’3, -$ 
where M, is 6700 and v is the partial specific volume 
(0.635) of MT [7] and N Avogadro’s number. 
+ 65000 to t 23000° upon raising the ionic 
strength from 0.015 to 3.0, respectively, cor- 
responds to a decrease in mean residue ellipticity, 
[flMRW,227 of the protein by 690” (fig.2, bottom). 
The existence of an isodichroic point near 220 nm 
suggests that the CD changes reflect an inter- 
conversion of only two conformational forms of 
MT. 
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Fig.2. Effect of ionic strength on CD spectrum of MT. 
(Top) CD spectra of Cd?-MT-1 at Z ranging from 0.015 
(top) to 3.0 (bottom). Molar ellipticity, [@I, is plotted vs 
wavelength. Conditions: protein concentration, 1.2 x 
low4 M in 0.02 M Tris-0.005 M HCI (PH 8.6), path 
length 0.1 cm. Z was adjusted by the addition of 
appropriate amounts of KCI. The bar indicates the 
position of the first metal-th~olate ransition of 
Cd?-MT-1 [II]. (Bottom) Plot of k&7 of Cdr-MT-1 vs 
ionic strength. The right ordinate is in units of mean 
residue llipticity, [flMRW.t27. 
4. DISCUSSION 
MTs have long been known to be nonglobular 
proteins. Their M,, ranging from 6500 to 6800 
depending on metal composition, and their 
reported Stokes radius of 1.61 nm, measured in 
0.1 M Tris-acetate buffer (pH 7.0), are consistent 
with a molecular form appro~mating that of a 
prolate ellipsoid with an axial ratio of 6 [7]. 
Recently, this nonspheric~ model has received in- 
dependent support from the suggestion that the 
metals are located in two separate domains involv- 
ing the C- and N-terminal halves of the polypep- 
tide chain I!?]. 
The present data extend the previous hydro- 
dynamic studies [7] and reveal as a new find- 
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ing that the Stokes radius of this protein is highly 
sensitive to ionic strength. Thus, in contrast to the 
globular marker proteins employed, MT 
undergoes a reversible 16% decrease in Stokes 
radius when the ionic strength is changed from 
0.015 to 0.5 (table 1, fig.1). Since the effect is in- 
dependent of protein concentration, the possibility 
that the change in Stokes radius arises from an 
association-dissociation process is excluded. 
Hence, the change in Stokes radius must derive 
either from an alteration of molecular shape or of 
hydration of the monomeric species or both. 
While over a wide pH region many globular pro- 
teins are insensitive to changes in ionic strength [9], 
it is of interest that a reversible hydrodynamic 
volume change analogous to that seen with MT oc- 
curs with bovine serum albumin in moderately 
acidic solution. Thus, at pH 3, this protein 
undergoes a nearly 50% increase m equivalent 
sphere radius when the ionic strength is lowered 
from 0.15 to 0.01 [14]. The volume change is also 
accompanied by a change in optical activity in- 
dicative of alterations in protein conformation 
[ 151. Compared to these structural changes the 
ionic strength-dependent effects on the conforma- 
tion of MT are less extensive (fig.2). The salt- 
induced reduction in ellipticity of MT below 
240 nm could indicate a small increase in a-helix 
content or a decrease in &structure [16,17]. The 
latter seems particularly plausible since a computer 
analysis of the far-UV CD spectrum of apo-MT 
and a structure prediction calculation from se- 
quence data [ 131 indicate a total of about 40% ,& 
sheet and p-bend conformation. The absence of 
absorption and ellipticity changes in the region of 
Cd(II)-thiolate excitation shows that the coordina- 
tion geometry of the metal-thiolate complexes re- 
mains unaffected by the conformational transfor- 
mation attending the molecular expansion. 
As in bovine serum albumin, the increase in 
Stokes radius at low ionic strength is probably 
caused by an increase in intramolecular repulsion 
of like electric charges due to the loss of the ion at- 
mosphere [9]. In the pH range studied rabbit liver 
MT-I has an overall charge of -2 (in prepara- 
tion). However, an assessment of the charge 
distribution within the molecule indicates that each 
of the two metal-thiolate clusters carries 3 negative 
charges [131 which locally may be balanced only in- 
completely by the positive charges of the lysine 
residues of the polypeptide chain. Hence, at low 
ionic strength mutual electrostatic repulsion of the 
strongly negatively charged cluster domains may 
be the cause of the observed molecular expansion. 
The change in Stokes radius in response to the 
modulation of electrostatic forces by variations in 
ionic strength implies that native MT has a flexible 
structure with several accessible conformational 
options. In the simplest model the measured 
hydrodynamic effects could reflect changes in the 
populations of just two dynamically inter- 
changeable conformers which differ widely in 
shape or hydration or both and whose equilibrium 
concentrations are determined by the electrostatic 
free energy of the system. Such a model of two 
principal interchangeable conformational states 
obtains some support from the existence of a well- 
defined isodichroic point in the CD spectrum 
(fig.2, top). The occurrence of at least two coexis- 
tent isomeric forms could account for the well- 
known difficulties in crystallizing MT. It may also 
be responsible for the presence of supernumerary 
resonances underneath the “‘Cd-NMR signals of 
113Cd,-MT recently resolved by two-dimensional 
“‘Cd-NMR spectroscopy ]18]. 
ACKNOWLEDGEMENTS 
The authors thank M. Sutter for the preparation 
of MT. This work was supported by Swiss Na- 
tional Science Foundation Grant no. 3.207-0.82. 
REFERENCES 
111 KoJima, Y. and Kagi, J.H.R. (1978) Trends 
Biochem. Sci. 3, 90-93. 
[21 Kagi, J.H.R. and Nordberg, M. (1979) 
Metallothionem, Birkhauser, Basel. 
131 Otvos, J.D. and Armitage, I.M. (1980) Proc. Natl. 
Acad Sci. USA 77, 7094-7098. 
[4l VaSak, M. and Kagi, J.H.R. (1981) Proc. NatI. 
Acad. Ser. USA 78, 6709-6713. 
I51 Wmge, D.R. and Miklossy, K.-A. (1982) J. Biol. 
Chem. 257, 3471-3476. 
[61 Kimura, M., Otaki, N. and Imano, M. (1979) in: 
Metallothionem (Kagi, J.H.R. and Nordberg, M. 
eds) pp.163-168, Birkhauser, Basel. 
171 Kagr, J.H.R., Himmelhoch, S.R., Whanger, P.D., 
Bethune, J.L. and Vallee, B.L. (1974) J. Biol. 
Chem. 249, 3537-3542. 
177 
Volume 168, number 1 FEBS LETTERS March 1984 
[S] Buhler, R.H.O. and Kagr, J.H.R (1979) m: [13] VaSBk, M. and Kagi, J.H.R. (1983) m: Metal Ions 
Metallothionem (Kagr, J.H.R. and Nordberg, M in Biological Systems (Sigel, H. ed) ~01.15, 
eds) pp.21 l-220, Birkhauser, Basel. pp.213-273, Marcel Dekker, New York. 
[9] Tanford, C. (1961) Physical Chemistry of [14] Tanford, C., Buzzell, J.G., Rands, D.G and 
Macromolecules, pp.356-390, John Wiley, New Swanson, S.A. (1955) J Am Chem. Sot. 77, 
York. 6421-6428. 
[lo] Oncley, J.L (1941) Ann. N.Y Acad Ser. 41, 
121-150. 
[15] Yang, J.T. and Foster, J.F. (1954) J. Am. Chem. 
Sot. 76, 1588-1594. 
[ll] VaSak, M., Kagi, J.H.R. and Hill, H.A.0 (1981) 
Biochemistry 20, 2852-2856. 
[ 121 Weser, U., Rupp, H., Donay, F., Lmnemann, F., 
Voelter, W., Voetsch, W. and Jung, G. (1973) Eur. 
J Btochem 39, 127-140. 
[16] Chang, C.T., Wu, C.-S.C. and Yang, J.T (1978) 
Anal. Brochem. 91, 13-31 
[17] Bolotina, I A., Chekhov, V.O. and Lugauskas, 
V.Y. (1979) Int. J. Quant. Chem. 16, 819-824. 
[ 181 VaSBk, M., Nicholson, J K., Hawkes, G.E. and 
Sadler, P.J. (1984) submitted. 
178 
